RNA-based genetic system and current biological sys-
In a slightly modified format, the ribozyme also has been tems. In order for any sort of genetic system to be susshown to catalyze the polymerization of several NTPs tained, accurate and efficient information transfer is rein a template-directed manner [23] . More recently, the quired. In an RNA world, information transfer probably class I ligase ribozyme has been utilized as a core catawould have involved an RNA molecule that was capable lytic domain, appended with a domain of random nucleof copying RNA molecules through a polymerase-type otides at its 3Ј end, to evolve a ribozyme that catalyzes activity [2] . polymerization on an external RNA template [22] . This Most laboratory investigations into the problem of new polymerase ribozyme exhibits sequence generality information transfer in an RNA world have focused on with respect to the primer-template complex and is able the template-directed polymerization of activated to extend an RNA primer by up to 14 nucleotides with mononucleotides to form oligomeric products that are high fidelity. joined by natural 3Ј,5Ј phosphodiester linkages. Some
Starting from pools of random-sequence RNA moleof the earliest experiments along these lines involved cules, several other ribozymes with 3Ј,5Ј ligase activity the nonenzymatic template-directed polymerization of have been evolved. These include motifs that are smaller than the class I ligase and exhibit some interesting catalytic properties. The L1 ligase can be activated by an It is inherently difficult to employ in vitro evolution structure was altered, so long as base pairing was maintained, indicating that the ribozyme may employ a semethods to obtain catalysts that perform intermolecular reactions because the functional molecules must be quence-independent mechanism for recognition of an RNA duplex that contains the site of ligation.
altered as a consequence of the reaction in order to be Figure 1A) . The extended templates were transcribed to generate RNA molecules that were used as the input that was competent for the RNA-catalyzed ligation reaction (our unpublished data). for the first round of in vitro selection. A total of eighteen rounds of selective amplification were performed in Initial experiments were carried out to determine the optimal conditions for the intermolecular ligation reacwhich the RNA molecules were required to bind an RNA substrate through Watson-Crick pairing and catalyze a tion. Under multiple-turnover conditions, in which the concentration of hairpin-substrate complex was at least ligation reaction that resulted in attachment of the 3Ј end of the substrate to the 5Ј end of the hairpin. The 5-fold greater than that of the ribozyme, increasing the KCl concentration above 50 mM resulted in a decrease ribozyme concentration was held constant at 1 M, and the substrate concentration was reduced from 5 M in ligation efficiency, whereas eliminating KCl had no effect on the reaction rate (our unpublished data). Induring rounds 1-7 to 2 M during rounds 8-18. During rounds 1, 2, 4, and 5, a short biotin-containing substrate creasing the MgCl 2 concentration to as high as 700 mM resulted in a progressive increase in ligation efficiency, molecule was used. Subsequent chromatography on a neutravidin column isolated RNA molecules that had with no indication of MgCl 2 saturation (our unpublished data). Under multiple-turnover conditions involving an ligated the substrate to their own 5Ј end. During all other rounds, a longer substrate was used, and the reacted excess of substrate, an increase in the concentration of the ribozyme resulted in a less-than-proportional inmolecules were isolated based on their slower mobility in a denaturing polyacrylamide gel as compared to that crease in the observed reaction rate, suggesting that the ribozyme engages in nonproductive ribozyme-ribozyme of unreacted RNAs. The selected RNA molecules were reverse transcribed, PCR amplified, and forward traninteractions at higher concentrations. This issue will be addressed in more detail below in the context of singlescribed to generate "progeny" RNAs that were used to initiate the next round of in vitro selection. The time of turnover reactions. Based on these results, kinetic analyses were performed under multiple-turnover conditions the reaction was reduced from 30 min to 10 min over rounds 1-7. Mutations were introduced into the populawith 0.1 M ribozyme in the presence of 100 mM MgCl 2 and no KCl at pH 7.5 and 37ЊC. tion prior to round 4 by error-prone PCR [40] . After round 7, individuals were cloned, sequenced, and assayed for Kinetic parameters were determined for both the wildtype and evolved ligase ribozymes for intermolecular their ability to catalyze a true intermolecular ligation reaction involving a detached hairpin template and oliligation within the hairpin-substrate complex (Figure 2 ). Both ribozymes exhibited Michaelis-Menten-type begonucleotide substrate. The most active of these indi- linkages of RNA, whereas NaOH cleaves both 2Ј,5Ј and For ribozyme concentrations above 0.2 M, however, 3Ј,5Ј linkages. Thus, the ribonucleases would be exthe observed reaction rates were slower than predicted, pected to generate either a labeled 11mer, if a 3Ј,5Ј presumably because of ribozyme-ribozyme interactions linkage had formed, or a labeled 12mer, if a 2Ј,5Ј linkage that lead to the formation of nonproductive complexes.
had formed, whereas NaOH would generate a labeled Estimates of the intramolecular ligation rates were 11mer in either case. Analysis of the degradation prodobtained for both the wild-type and evolved ribozymes, ucts indicated that the ribozyme catalyzed the formation with the hairpin either attached directly to the 5Ј end of of a 3Ј,5Ј linkage, as is the case for intramolecular ligathe ribozyme or joined to the ribozyme through a long tion catalyzed by the wild-type hc ligase. were changed and a twelfth base pair was added, the observed ligation rate was 82% compared to that with the original complex. These results indicate a largely sequence-independent mechanism for substrate recognition by the ribozyme.
When the loop sequence of the hairpin was changed or displaced by 2 bp away from the ligation junction, there was a dramatic reduction in ligation rate. Replacing the 7 nucleotide loop by four guanylates reduced Figure 6B ). In the absence of the ribozyme, no mononucleotide addition was observed. When the templating nucleotide was a C, GTP was added onto the 3Ј end of 7% of the primer molecules. When the template nucleotide was changed to a G, it directed the addition of CTP onto 4% of the primer molecules. With G in the template, GTP was added onto 0.3% of the primer molecules, whereas with C in the template there was no detectable addition of CTP (Ͻ0.1%). When the templating nucleotide was a U, there was no detectable addition of ATP. However, a U-containing template directed the addition of diaminopurine nucleoside 5Ј-triphosphate (DAPTP) onto 0.2% of the primer molecules, presumably because DAPTP interacts more strongly with U than does ATP. Addition of GTP also was observed when the templating nucleotide was a U, albeit at an extent of only ‫.%2.0ف‬
All of the other combinations of templating nucleotide and NTP were tested. When the templating nucleotide was a C, the ribozyme was able to extend the primer with GTP, but not with any of the other three standard NTPs. When the templating nucleotide was a G, addition of each of the four nucleotides was observed, with CTP being the most efficient (4.1%), UTP being less efficient (2.5%), and ATP and GTP addition occurring just above the limit of detection. No NTP addition was observed 
18-2 ribozyme might carry out mononucleotide addition
Unless otherwise noted, all RNAs were quantitated by UV spectrosreactions with enhanced efficiency and specificity and copy of the monomers resulting from complete NaOH hydrolysis [44] .
exhibit behaviors comparable to those required for sustainable information transfer in an RNA world. 
Construction of the Initial Pool

